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2 IEEEAC Paper #1735, Version I, Updated January 5Ih, 2011. of propellant, which launch vehicles can accommodate such missions, and how much margin is available for debris re moval system payloads. in which the problem posed was to maximize the number of asteroids that could be intercepted during the course of a sin gle mission using a particular set of spacecraft propulsion and launch parameters. Those algorithms are also applicable to the problem of rendezvous with multiple pieces of space de bris for the purpose of active orbital debris mitigation. For de bris mitigation, a fuel-efficient approach is required in which one object is targeted initially and from that first orbit subse quent objects are targeted for removal. The technology devel oped for asteroid mission design has therefore been modified to perform trajectory and mission design for a spacecraft that would participate in active debris removal efforts.
The Current State of the Orbital Debris Problem
Significant growth of the orbital debris environment began with the June 1961 explosion of a man-made vehicle which created more than 300 trackable objects. Over the ensuing inoperative due to hypervelocity impacts, it is generally be lieved that debris larger than 10 cm presents the possibility of destroying another satellite and causing a large fragmen tation event. Although the risk is currently low, with only a single confirmed loss of a functioning satellite due to man made orbital debris (Iridium-33) the problem is expected to worsen, and a significant risk is thus presented to the nearly 1000 operational satellites in LEO.
The catalog of the US Space Surveillance Network currently lists approximately 15,000 trackable objects, accounting for approximately 5,800 tons of on-orbit mass. The total popu lation is thought to exceed 20,000 objects larger than 10 cm (Reference [1] ). The first position paper from the Interna tional Academy of Astronautics (IAA) in 1993 (updated in 2001) states that "all investigations addressing the long-term evolution of orbital debris conclude that without changes to the way space missions are performed, regions of near-Earth space will become so cluttered by debris that routine oper ations will not be possible." [3] Over the 15 years that fol lowed, the adoption of international orbit debris mitigation guidelines reduced the rate of growth of new orbital debris.
The updated IAA position paper states "Remediation of the near-Earth space environment was still seen as a principal long-term objective, but technology and/or cost considera tions hampered the development and deployment of proposed debris removal techniques." [3] The environment in Geosynchronous Orbit (GEO) is also be coming congested, with some 520 known space objects ac counting for more than 1,200 tons of on-orbit mass. Or bital debris in GEO is the product of two known fragmen tation events with evidence of perhaps as many as ten sep arate events. Much of the debris at both LEO and GEO is concentrated in orbital bins of objects within 50 km altitude and 2° inclination of each other. A particular debris band in LEO contains 800 objects with a total mass of 300 tons, and a similar group exists at GEO where a particular bin contains 240 objects with a total mass of 790 tons [4] . These spe cific regions have critical mass concentrations which are pre dicted to trigger cascading fragmentation events in the com ing decades.
The Chinese ASAT Te st and the Iridium Collision pieces of large debris in two separate clouds. These events taken together represent an increase in the collision risk for operational satellites in orbits between 750 and 900 km alti tude [5] . The sheer magnitude of these events and the size of the collision fragment clouds demonstrate the necessity of preventing future collisions.
Estimates of Cascading Failure for LEO
Predictions generated by NASA of the orbital debris environ ment show that even an inunediate halt of all launch activities will still result in an increase in collision events, and thus an increase in the debris environment. The projected mass of collision fragments greater than 10 cm is expected to first exceed those due to end of life explosions or fragmentation events by the year 2040, and to exceed it by a factor of two by the year 2100 [6] .
The Need for Active Debris Removal
Long term forecasting predicts approximately 20 catastrophic collisions during the next 200 years [7] . [5] . Figure 2 shows the predicted effect of ac tively removing objects to mitigate the growth of the debris population.
The orbits identified as being of most concern fall into the three regimes [8] shown in Table 1 .
Approaches to Active Debris Removal
Various approaches to remove debris from space have been proposed, and some seem more technologically feasible than others. Techniques range from attaching tethers, solar sails, or solid rocket motors to debris objects, to active capture via nets followed by removal to other orbits. Of these techniques, ,
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ii' : i : causing an acceleration on the object to which it is attached. Figure 3 shows a notional EDT system and the resulting force on the spacecraft to which it is attached.
A tether made of conductive aluminum and massing only 2% to 2.5% of the mass of the object to be de-orbited is suffi cient to provide significant deceleration and speed up the de orbit process [9] . Studies have shown that for high-inclination low-altitude LEO satellites (e.g., Iridium constellation), the time required for de-orbit from a 780 km altitude orbit can be reduced from 100 years to 1 year. The technology con straints involve potential difficulty in attaching the tether, but this could be done via a harpoon, a hooked net, or an ad hesive suction cup. The cross-sectional area and possibility of conjunction collisions with other objects is also increased with the use of the tethers, but less so than with other pro posed methods. This approach is the preferred method that our analysis adopts for removal from low-Earth orbit. have been adopted for this study [10] . Additionally, a con gressionally mandated satellite servicing study by the NASA Goddard Space Flight Center (GSFC) has analyzed the GEO capture and move scenario extensively [11] .
Momentum Exchange Tethers-Momentum exchange tethers are part of another potential solution and involve the tether ing of two spacecraft. Generally, a vehicle in a higher orbit will attach a tether to a lower vehicle. The difference in ve locity and perturbing accelerations will cause both vehicles to swing along an arc defined by the joining tether. If the lower object is released at the point of greatest retro-grade veloc ity, this will lower its perigee while the apogee will be raised for the upper object. Conceptually the momentum exchange seems promising for ADR activities, however the theoreti cal requirements show that a 10 km tether would be required to lower orbit altitude by 100 km. These requirements dif fer significantly from the requirements for the tethers used in EDT methods and may not be feasible as the potentially large size of momentum exchange tethers poses a significantly in creased collision risk. The study presented in this paper does not consider these types of tethers, mainly due to the change in orbit associated with the ADR vehicle, which is not easily predicted and is beyond the scope of this study.
Lasers-Lasers in space raise romantic notions of efficiently vaporizing debris material that could pose a risk to other ob jects in orbit. The use of lasers for ADR activities is question able at best, partially due to a requirement to keep a very fo cused beam pointed at a rapidly and arbitrarily moving target for a long period of time, such that the surface can be ablated enough to induce an acceleration. Moreover, generating ad equate levels of power for a space-based laser is beyond our current space power generation capabilities. Additionally, the use of such lasers in space could be problematic with respect to existing international weapons treaties and UN regulations.
Also, many of the objects that could be removed may contain unspent fuel, which could explode if heated by a laser, thus causing more debris. Lasers may be of some use in remov ing smaller debris objects, but are not relevant for the study presented herein.
Surface Material-Surface material or a low density mass in space has also been proposed as a method of debris re moval. The basic idea is that a large thin surface material is deployed and objects that strike it have a momentum ex change which slows them down and lowers their orbit. An alternative approach would be to deploy a low density mate rial which would essentially capture or slow material passing through it. The potential exists for such a material to induce a fragmentation event and the resultant deceleration imparted by a material thin enough to avoid this risk is marginal, so these techniques are not considered.
Solar Sails-Solar sails have gained some attention as a pos sible debris removal technique. Basically, the concept is sim ple: a reflecting material, which may be very thin, is deployed from an orbiting body and photons impinge and reflect from the surface causing acceleration. Solar sails are more use ful for orbital changes in which there is no net exchange of energy and are particularly suitable for a change in eccen tricity. The largest contribution to altitude lowering or de orbiting actually comes from an increased atmospheric drag rather than the solar/photon effect. But even this is largely un usable at altitudes below 800 krn due to the corrosive nature of the ionosphere on the solar sail material [5] . Also, an ac celeration that is sufficient to produce a noticeable change in orbit may take months to accumulate. Meanwhile, the cross sectional area of the debris object is significantly increased by the attached solar sail, thereby increasing the risk of collision or interference with another object.
Solid Rocket Motors-Solid Rocket Motors (SRMs) attached to a debris object have also been considered. The basic con cept would be to launch an ADR vehicle containing multiple small thrust stages which could be deployed and attached to a large debris object. The problems inherent with this tech nique include an increased mass at launch due to the required shell and fuel mass of the SRMs and the difficulty in attaching an SRM to an arbitrarily rotating unprepared surface. Even if an SRM could be attached, the module would have to include a complicated attitude determination system so that the motor could be successfully fired at a time when the direction of the resultant change in velocity would serve to lower the orbit of the target debris object.
ApPROACH
We have chosen the ED T as the debris removal system for our analysis, and our goal is to study the capability of spacecraft systems to carry a set of ED Ts to multiple debris pieces dur ing the course of a single mission (involving just one launch vehicle). In order to properly study this problem we must next make appropriate assumptions about the dry mass of a suffi ciently capable debris removal spacecraft. After that we will be able to apply the aforementioned multi-target rendezvous algorithms to generate near-optimal debris piece rendezvous itineraries.
Assumptions About Debris Size and ADR Spacecraft Bus
The ROGER spacecraft [10] has a launch mass of 3, 500 kg, with 2, 700 kg of that being propellant. The spacecraft can carry 20 throw-nets with a mass of 9 kg each. Subtract ing the 2,700 kg of propellant and the 180 kg of throw-nets yields a spacecraft dry mass of 620 kg. We then assume that each tether carried by the spacecraft has a mass of 35 kg. This is consistent with 2.5% of the mass of a large rocket stage weighing 1,400 kg, which is characteristic of the largest pieces of debris that would be candidates for removal [9] . The dry mass (in kg) of the spacecraft thus becomes a function of the number of debris pieces to be removed, given by
where n is the number of debris pieces to be removed. This formula is used to estimate the resulting spacecraft dry mass as a function of n in the mission design algorithms described in the Results section of this paper.
Selecting Orbital Debris Removal Targets
The data set used for our analysis is the public Two-Line Element (TLE) catalog distributed by NORAD. The results were derived from MadCAT [12] results for an all-on-all con junction assessment of 11,970 space objects. The software implementation is a custom application designed specifically to perform conjunction analysis between space objects, but built using a set of Commercial Off-the-Shelf (COTS) soft ware components that can run natively on 32-and 64-bit ar chitectures. To accomplish this assessment, almost 72 million pairs were evaluated over a five day analysis using the pub Once the orbital debris removal targets were selected, their orbits were propagated using an SGP-4 propagator over a one year period with a 432 second step size. This step size was chosen to provide more than 10 sample points per orbit yet keep the ephemeris file size manageable. The ephemeris files were then processed by the orbital debris tour trajectory de sign tool to produce an efficient itinerary.
Orbital Debris Removal Targets
As previously mentioned, the public catalog of space objects from 11 Feb 2009 was processed by MadCAT for a five day period. Almost 72 million pairs were evaluated and a total of 27,724 conjunctions involving 9, 171 objects were predicted.
Object number 28554 was found to have the most conjunc tions during the five day period with a total of 83. A his togram that shows the frequency distribution for the number of conjunctions for each object is presented in Figure 4 .
A total of 844 objects were involved in 12 or more conjunc tions. As previously mentioned, many of the highest ranking objects had a semi-major axis close to 7, 200 km and inclina tion near 82°. By selecting objects with inclination between 80° and 82° and RAAN between 200° and 360°, the 844 ob jects were pared down to 42, which seemed to be a reasonable number of objects for the trajectory design algorithm to con sider. This group of 42 objects contained 9 of 11 objects with 50 or more conjunctions, 8 of 13 objects with 40 to 50 con junctions, and 7 of 20 objects with 30 to 40 conjunctions, as shown in Table 2 .
Orbital Debris Removal Tour Itinerary
The orbital debris removal methods considered herein require that the removal spacecraft rendezvous with each piece of or- bital debris in turn. Methods for prioritizing and categorizing debris pieces (e.g., according to orbit regime) will produce subsets of the overall debris population, and each piece of de bris in the SUb-population must be rendezvoused with in turn.
Thus the need arises for a means of choosing the order in which the debris pieces are visited that tends to minimize the total 6 V required. This will allow the maximum number of debris pieces to be removed per removal spacecraft launch, which in turns help minimize mission costs, minimize the time required to complete a debris removal campaign, and maximize the available payload mass on the removal space craft for a given debris removal system. It is worth noting that the number of debris pieces that can be handled by a given debris removal system may be inherently limited and this constraint may take precedence in some cases, but that consideration is beyond the scope of this study.
Problem Statement and Characterization-The goal is there fore to choose the order for rendezvous for a given set of de bris pieces such that the total number of debris pieces that the removal spacecraft is able to visit is maximized. Gen erally this translates to minimizing the total required 6 V. and has been used successfully on such problems [13] . In the Series Method, the order for visiting debris pieces is con structed in series, choosing each subsequent debris piece after the first on the basis of minimum � V to reach the next de bris piece, akin to a computer chess program that only looks one move ahead when selecting its next move. Details about the development, structure, and characteristics of the Series Method algorithm can be found in Reference [13] . If a par ticular debris piece must be visited first, this can be specified;
elsewise the algorithm will choose the first target by trying each target as the first when constructing the itineraries and then selecting the choice of first target that serves to maximize the total number of target visits achieved.
To see the computational advantage of the Series Method compared to an exhaustive search, we examine the total num ber of � V calculations required. In an exhaustive search all the permutations of target order must be treated and the � V to travel between targets must be computed for each permu tation. The resulting number of � V calculations for the ex haustive permutation search, N p , is therefore given by
where S is the number of target spacecraft to visit and T is the total number of available target spacecraft to choose from.
Herein we shall consider cases where S = T, in which case (2) reduces to
The number of � V calculations performed in the Series Method, Ns' assuming that each target is tried as the first target in order to find the choice of first target that maximizes the number of targets that can be visited, is
S-1
Ns =T L T-k 
RESULTS
The set of 42 debris pieces defined previously was subjected to multi-target rendezvous trajectory analysis via the Series Method algorithm just described. This yielded an array of required total spacecraft launch masses as a function of the number of debris pieces visited and the specific impulse of the debris removal spacecrafts thruster. These required launch masses were then compared to the published capabilities of existing launch vehicles to assess the feasibility of removing various quantities of debris.
Orbital Debris Removal Tour Itinerary Results
The orbits of the 42 debris pieces were propagated using two body dynamics and making the deliberate approximation of treating the two-line elements as osculating elements just to give a sense of the debris piece orbits under consideration. A plot showing these orbits is presented in Figure 5 .
It is clear that these orbits mostly occupy different planes.
This is because while they all have similar inclination angles Delta II (2320-9.5)
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sources to pursue that idea in this study and have relegated it to future work. Table 4 includes several variants of the Delta II and Delta IV launch vehicles.
The Series Method algorithm was executed on the 42 debris pieces using Lambert targeting to compute the rendezvous trajectories between debris pieces. The algorithm was set to construct an itinerary for visiting 32 of the debris pieces and to try each of the 42 pieces as the first target, selecting the choice of first target that served to minimize the total � V.
The total � V computed for the rendezvous sequence for 32 target objects was approximately 12 km/s, which is substan tial, and was driven, as predicted, by the plane changes re quired to travel between the debris pieces. The total time re quired for the rendezvous sequence for 32 debris pieces was 260 days and includes some stay time at each debris piece for terminal rendezvous, proximity operations, capture, tether at tachment, release, and departure (though the � V associated with these activities was not computed).
The trajectory design results were then subjected to a post processing step in which the total required launch mass was computed as a function of the spacecraft dry mass, which is a function of the number of debris pieces to visit as specified in (1) The values of 1, 600,2, 200, and 3, 000 seconds serve to rep resent low, medium, and high performance low-thrust propul sion systems, respectively. While no low-thrust trajectory de sign was actually performed in this study, the total � V re quirements will generally be similar (total � V for low-thrust trajectories does tend to be somewhat higher than for ballistic trajectories due to kinematic inefficiencies) to what we com puted for the impulsive maneuver ballistic trajectories and so utilizing the low-thrust propulsion system performance pa rameters in this study sheds light on how low-thrust tech nology might aid the debris removal effort. However, it is worth noting that the required flight times for the low-thrust trajectories would tend to be substantially longer than what we computed here for the high-thrust trajectories.
Ta ble 5 presents the post-processing results in terms of re quired launch mass to rendezvous with each of 5 to 32 de bris pieces using spacecraft thruster specific impulses rang ing from 200 to 3, 000 seconds. Ta ble 5 is color-coded to indicate which combinations of number of debris pieces and thruster specific impulse can be handled by particular groups of launch vehicles. Some solutions can be handled by ei ther the smaller Delta II rockets or the larger Delta IV rockets (colored green in the table), some only by the larger Delta IV rockets (colored yellow in the table), and some solutions are not possible even with the largest rocket, the Delta IV Heavy (colored red in the table). As described previously, the dry mass is a direct function of the number of objects to be vis ited as this affects the number of EDTs required for a given mission.
The results shown in Ta ble 5 are presented in a different way 9 and eccentricity, and achieve a semi-major axis slightly be low or above that of the target object. Natural relative drift due to the difference in orbit altitude then brings the objects close together, at which point terminal rendezvous can com mence. The � V required for the rendezvous and capture is then computed. The total � V computed using this method is very similar to that computed using the Lambert targeting, except that the total � V in the co-elliptic method includes the rendezvous, proximity operations, and capture � V and so tends to be slightly higher. Ta ble 7 presents the number of debris pieces that can be reached as a function of launch vehicle and debris removal spacecraft thruster, similar to Ta ble 6 except that here the co-elliptic rendezvous method is being utilized and the ren dezvous, proximity operations, and capture � V is being com puted. Thus the number of reachable debris pieces is slightly lower than in Table 7 for some cases. Even so, the least ca pable launch vehicle and spacecraft thruster still enables 5
pieces of debris to be dealt with. Overall, the performance is nearly the same as for the Lambert targeting case, providing a valuable cross-check and verification. Figure 11 in which the goal was to reach 42 objects.
The nature of the Series Method solutions (with best choice of first target) is shown in Figures 9 and 12 . The distribution of right ascensions of ascending nodes for the target debris pieces produces the wide variation in their orbit planes, and 
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Ordering of target debris piece inclination and RAAN angles produced by the Series Method, with cor responding � V evolution, for an 11 target rendezvous se quence.
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Future Work
The authors realize that this study is conceptual and only ad dresses some of the fundamental problems associated with deploying ADR technology. Specifically, assumptions were Destination Index Figure 13 .
Spacecraft fuel mass evolution for a 42 target rendezvous sequence.
essarily be from the graveyard orbit to the next object. The
Series Method is fully capable of supporting this scenario .
Some consideration was also given to the large fuel require ments for attempts to remove more than 10 objects with a single ADR vehicle, and to the possibility of placing a refu eling depot in orbit with a heavy launch vehicle, in which the ADR vehicle would refuel itself as needed. The requirements to maintain the fuel depot would seem, at first consideration, to require a large use of fuel to avoid drift, and thus seem in adequate for the missions considered here. Other studies of this concept confirm these suspicions [11] . While working for Motorola, Inc., he led ground-breaking re search into collision prediction and avoidance for the Iridium program in the late 1990s.
